Under a degenerate two-photon resonant excitation, the Rabi oscillation of the four-level biexciton system in a semiconductor quantum dot is theoretically investigated. The influence of the laser phases on the state manipulation is modeled and numerically calculated. Due to the interference between different excitation paths, the laser phase plays an important role and can be utilized as an alternate control knob to coherently manipulate the biexciton state. The phase control can be facilely implemented by changing the light polarization via a quarter-wave plate.
Introduction
The characteristic of atomic-like discrete energy levels, together with the ability of integration in solid-state devices, makes quantum dots (QDs) very promising for solid-state implementations of quantum information processing (QIP) [1, 2] . Therein, the biexciton system, consisting of two mutually coupled excitons in QDs, has attracted much interest as it carries prospects in realization of two-bit quantum logic gates [3, 4] and in generation of entangled photon pairs [5, 6] .
Coherent manipulation of quantum states is a basic issue for QIP. Among the state manipulation, Rabi oscillation is a fundamental phenomenon by coherent optical coupling, which provides a direct control to the state population and coherence of a quantum system. Rabi oscillations have been well studied theoretically and experimentally both for exciton and biexciton systems in a QD [3, 4, [7] [8] [9] [10] [11] [12] . Rabi oscillations are typically measured by controlling the pulse-area, via the field intensity (excitation power) of the incident laser pulse.
Excitation for the biexciton system is in a closed-loop four-level scheme shown in Figure 1 , where the ground state | ⟩ is coupled in a V-type structure to intermediate exciton doublet states | ⟩ and | ⟩, which are themselves coupled to a common excited biexciton state | ⟩ in a Λ-type structure. The biexciton state can be excited via | ⟩ → | ⟩ → | ⟩ by Π linearly polarized photons or | ⟩ → | ⟩ → | ⟩ by Π linearly polarized photons. Previous studies related to biexciton were normally done by selecting one of the two excitation paths with proper polarized light. Herein biexciton Rabi oscillation is simply a function of the field intensity of the light. Now, supposing under the excitation of a light with both Π and Π components, then both the two excitation paths will be activated. In a closed-loop ◊ configuration, the two excitation paths can interfere, and the state control is dependent on the relative phase between the two paths [13] [14] [15] [16] .
In this paper, we investigate Rabi oscillations of the biexciton in a semiconductor QD, based on a resonant degenerate two-photon excitation [17, 18] with both Π and Π components. In addition to the field strength of the excitation light, the relative phase between Π and Π components (and consequently the light polarization) is shown to play an important role on the state manipulation and can serve as an alternate control knob to coherently manipulate the biexciton system. excitation. The light has both Π and Π polarized components of equal amplitudes. The phase difference Φ between the two components is set as an adjustable parameter. The time evolution of the density matrix for the biexciton system is determined by the master equation
where
and Lindblad term ( ) [19, 20] describes the relaxation process of excitons and biexcitons, which may be caused by spontaneous emission and carrier-phonon scattering. In this paper, we only consider the spontaneous emission part for simplicity. Then
where ≡ | ⟩⟨ | denotes the spontaneous emission transition from to including , , , and . describes the corresponding decay rates.
In the rotating frame with the canonical transformation defined by the unitary operator = | ⟩⟨ |+ | ⟩⟨ |+2 | ⟩⟨ | , ( ) can be rewritten as
The detunings , and in (4) are given by = − = (Δ − )/2, = − = (Δ + )/2, and = − 2 = 0, where Δ and are the biexciton binding energy and exciton doublet splitting energy, respectively. Ω is the time-dependent Rabi frequency of the pulse. Assuming using a Gaussian shape pulse,
, where Θ is the pulse area and is a parameter for the pulse duration. = FWHM /(2 √ ln 2), where FWHM is the pulse duration defined by the full width at half maximum of the intensity.
Similar to [13] , the optical Bloch equations then have the forṁ=
Advances in Condensed Matter Physics and = ( ) * . In the following, the diagonal elements will be referred as "populations" in the corresponding states and the off-diagonal elements as the coherence between the related two levels; for example, is ground-biexciton coherence.
Results and Discussion
The optical Bloch equations can be numerically solved. The parameters for the calculations are = 1 ps, Δ = 20 meV, = 0.15 meV, and = = = = 1/200 ps −1 , which are taken as comparable to the experimental values for II-VI CdSe/ZnSe QDs [17, 18] . In the following, we will only figure out the data of the biexciton population and groundbiexciton coherence . The elements in the density matrix related to one photon process are normally small due to nonresonant excitations. The coherence within the excitonic doublet, , is also small as it is related to a nonresonant twophoton excitation process. Figure 2 shows the temporal evolution of biexciton populations with different relative phase Φ at a pulse area Θ = 15 . For Φ = 0, five cycles of population oscillations are clearly resolved. The occupation oscillates with a timedependent frequency, which is a result from the Gaussianshape temporal distribution of the driving field strength. For times nearer the pulse maximum at = 0, the oscillation develops faster and the period appears shorter. For Φ = /4, only about three cycles of oscillations exist. For Φ = /2, there is no oscillation, and the biexciton population is near to zero within the whole pulse duration. From Figure 2 , one can see that the relative phase Φ dramatically affects both the oscillation evolution and the final population value at the end of the pulse. Figure 3 shows the biexciton population and groundbiexciton coherence at the end of the excitation pulse as a function of pulse area with different phases. The values oscillate as the pulse area increases. Different from normal Rabi oscillations induced by one photon excitation, the oscillations in Figure 3 are not strictly periodic and the system develops slowly at low pulse area. This is typical for two-photon excitation process [7, 8] , as both biexciton populations and ground-biexciton coherences are proportional to the square of the pulse intensity, that is, Θ 4 , at low excitation power. For Φ = /2, the excitation paths between | ⟩ → | ⟩ → | ⟩ and | ⟩ → | ⟩ → | ⟩ destructively interfere, making the biexciton population and ground-biexciton coherence (both the real and imaginary parts) almost zero (see green dash lines in Figure 3 ). However, there exists a small deviation from zero, which increases with the pulse area. For the biexciton population, the deviation is up to the order of magnitude of 10 −3 using the pulse area data shown in Figure 3 . Nonzero biexciton population results from the asymmetric excitation between the two excitation paths due to the nondegenerate exciton doublet states.
For Φ = 0, the real part of the ground-biexciton coherence is almost zero (enshrouded by the green dash line for Φ = /2). This phenomenon is similar to the fact that the real part of the coherence between the related two levels is zero for a resonantly driven two-level system. The small deviation from zero (up to the order of magnitude of 10 −4 ) is due to the scattering by the nonresonant excitation of the exciton doublet states. Figure 4 shows the biexciton population and groundbiexciton coherence at the end of the excitation pulse as a function of laser phase with different pulse area. The system could oscillate several cycles for large pulse area within a phase period of . Larger pulse area corresponds to more cycles of oscillations. As already mentioned for Figure 3 , small deviation from zero at Φ = /2 is resulted from the asymmetric exciton excitation (e.g., see the imaginary part of ground-biexciton coherence, which appears more clearly. The ground-biexciton coherence is nonzero and its absolute values increase with pulse area for Φ = /2).
Figures 2-4 are calculated for II-VI semiconductor QDs which normally has relatively large biexciton binding energy and exciton doublet splitting energy. For III-V QDs, these values are normally much small, for example, Δ ∼ 3 meV and ∼ 0.03 meV for InGaAs QDs [7, 12, 21] . For smaller biexciton binding energy Δ , a laser pulse with a photon energy being equal to half the biexciton energy will pump the exciton states more effectively as compared to the case with larger Δ , since the detunings have the form of = (Δ − )/2 and = (Δ + )/2 as mentioned above. Furthermore, small exciton doublet splitting of energy of 30 eV can be neglected under a picosecond pulse excitation [7] . Figure 5 shows the calculated phase dependence of biexciton populations and ground-biexciton coherences at the end of the excitation pulse with Δ = 3 meV and = 0.03 meV. Compared with Figure 4 , there are more cycles of oscillations in Figure 5 under the same excitation pulse and the same decay rates . The reason is that smaller detunings , make the system more coupled to the excitation light.
The phase control of two-photon Rabi oscillation for the biexciton system can be easily implemented experimentally. Zero phase between Π and Π photon corresponds to a 45-degree linearly polarized light, while the phase difference of /2 denotes a circularly polarized light. And the phase difference between 0 and /2 describes an elliptically polarized light. By using a quarter-wave plate, the light from linear polarization to elliptic and to circular polarization can be facilely obtained. The numerical results in Figures 2-5 are consistent with the fact that a circularly polarized light cannot excite the biexciton if the exciton doublet states are degenerate, according to polarization selection rules.
Conclusions
The two-photon Rabi oscillation of the biexciton state in a semiconductor quantum dot has been investigated theoretically. In a closed-loop ◊ configuration, such as the biexciton system, not only the field strength but also the laser phase is shown to influence the Rabi oscillation. Apart from the usually used pulse area, that is, field strength, the laser phase is promising as an alternate control knob to coherently manipulate the biexciton state, which can be facilely implemented by changing the light polarization via a quarter-wave plate.
